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1 Introduction 



The observation that the structure of string theory is rich enough to include the standard 
model in rough outline is an old one, starting with the early constructions of free field con- 
structions, orbifold theories, and in particular Calabi-Yau compactifications in the late 1980s 
and early 1990s. At the time these constructions provided a large collection of different vacua, 
with thousands of exphcitly constructed Calabi-Yau manifolds [30], and estimates of vast 
numbers of bosonic models [85] , each one associated with its own moduli space. It was clear 
even then that it would be impossible to systematically search this string vacua landscape. 
This, however, is not a fundamental problem. Adopting the point of view that any physical 
theory has to describe not only our universe, but all possible consistent universes, leads to 
the obvious strategy of using some phcnomcnological input to select viable models among the 
ocean of models that obviously do not describe physics as we know it. 

Beyond the generic predictions made by all string models, such as the existence of additional 

dimensions, and new particles, such as the dilaton, a detailed phenomenological analysis of a 
few thrcc-gcncration Calab-Yau manifolds [116, 104], lead to very specific phenomenological 
features. The literature on this first phase of string phenomenology is vast and it would be 
quite impossible to summarize even these early developments in a short review. 

A venerable explosion of papers took place after Polchinski's introduction of D-branes into 
the string theoretic landscape. A great many attempts were made to generalize the notion of 
a brane, and to incorporate them into ad-hoc models, purely phenomenological constructions 
that aimed at scenarios not necessarily embedded in a complete fundamental theory. The 
possibility provided by branes of restricting physical modes to lower dimensional submanifolds 
embedded in a higher dimensional spacetime was used first in a class of models based on the 
simplest possible toroidal framework in which all of the extra dimensions are of equal size. 
Refinements of this first step have opened a vast playground in which such ad hoc models 
were further explored, making different assumptions about which fields are confined to the 
low-dimensional brane, and which fields are allowed to propagate in the bulk. One of the 
most interesting consequences of this exploration in the late 1990s was the observation, first 
made in [13, 14], that if the compact dimensions are large this may have consequences for 
the hierarchy problem. The brane scenario made the notion of large compact dimensions, 
initially put forward much earlier by Antoniadis in the pre-brane era of string theory in the 
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context of supersymmetry breaking, more plausible. It was pointed out in [5] that the compact 
dimensions do not necessarily have to be of Planck scale, and that models can be constructed 
that allow even TeV sized dimensions. A different class of models, involving an alternative, 
warped, factorization of the higher dimensional spacetime into a fourdimensional and a smaller 
compact part was considered in a simple context by Randall and Sundrum [100, 101]. 

The realization that extra dimensions might be large compared to the Planck scale has lead 
to a renaissance in model building. In the present review the focus will be mostly on the 
interplay between purely phenomenological models and string theory inspired constructions 
which aim at the embedding of the resulting new ideas into full-fledged fundamental theories, 
thus completing the cycle. It will become clear in the process that essential progress has been 
made over the past few years in the development of new string technology. As a result string 
theoretic and string inspired model building has reached the point where it is constrained by 
precision measurements. String theory thus has become an experimental science. 



2 String theory 
2.1 Theoretical aspects 

Several excellent introductions to string theory have been published over the past twenty 
years, starting with Green-Schwarz-Witten [62], and continued by Polchinski [97]. An updated 
summary of the most recent developments has appeared in the volume by Becker-Becker- 
Schwarz [20] , and a more phenomenologically oriented review has been published by Dine [49] . 
In its simplest formulation string theory can still be viewed very roughly as the description 
of 1— dimensional objects, open or closed, embedded in some ambient spacetime, although 
higher dimensional objects play an important role. 

The richness of string theory derives for the most part from its most dramatic prediction, the 
fact that a consistent quantum theory of strings implies the existence of new dimensions or, 
put differently, new degrees of freedom. One of the early successes of string theory was the 
insight that the specific structure of the low energy fourdimensional particle spectrum as well 
as their couplings are linked to the detailed fine structure of the geometry of the compact 
dimensions. One implication of this relation is an unexpected economy, in that very rough 
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phenomenological input, e.g. the observed number of generations, leads to severe restrictions 
for experimentally viable string solutions, excluding e.g. most of the Calabi-Yau solutions 
found early on [29, 30]. The link between the field theoretic content of the models to the 
specific geometry of the compact dimensions therefore provides a unification, and also an 
explanation, of the fourdimensional spectrum. While the details of the spectrum therefore 
clearly must depend on the specific starting point of the theory, certain of the characteristic 
features are universal, leading to model independent predictions. Among these are the already 
mentioned existence of additional dimensions, and the model independent prediction of new 
particles, such as the dilaton. 

The idea of extra dimensions is of course an old one, formulated in the context of electromag- 
netism and gravity by Kaluza [77] and Klein [81], and revived after a long period of dormancy 
around 1980 in the context of supergravity theories. In supergravity the introduction of addi- 
tional dimensions was mainly a tool of convenience, because formulating the various models 
in higher dimensions made the derivation of the fourdimensional actions and their symmetries 
much more manageable. String theory is different from these previous attempts in that the 
extra dimensions are a necessity, not a convenience. 

A second source of complexity arises from the fact that the worldsheet, swept out by the 
string as it propagates through spacetime, supports a rich spectrum of different fields. This, 
of course, is not independent of the structure of the ambient spacetime, but it has not been 
clear in the past how to construct a precise relation between the physics on the worldsheet 
and the geometry of spacetime. The picture of spacetime as a given, if dynamical, input must 
be considered as preliminary. Since string theory is to be viewed as a fundamental theory it 
should eventually lead to a construction of space and time purely in terms of the physics on 
the worldsheet. Progress in this direction has recently been made via the theory of arithmetic 
modular forms, associated to both, the conformal field theory on the worldsheet on the one 
hand, and the arithmetic geometry of the compact dimensions on the other [105]. 

In the mid 1990s it became clear through the discovery of several string theoretic duahties [73, 
114], in combination with Polchinski's D-branes [96] that, although the theory is conceptually 
simpler than previously thought, it is also structurally much richer than expected, and that 
higher dimensional structures play an essential role. The simplicity arises from the fact that 
the string dualities relate apparently distinct string theories as being duals of each other. In 
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this way quite different loolcing theories, such as the heterotic, type IIA and IIB, type I and 
r superstrings, as well as M-theory and F-theory, emerge as limiting formulations of a single 
underlying theory. The picture of a universal moduli space connecting all the known theories 
as limits of a fundamental one is illustrated in Fig. 1 [95]. 



1 1D Supergravity Heterotic E8xE8 




Heterotic SO(32) 



Type IIA Type I 



Figure 1: An illustration of the universal moduli space that is expected to link all known 
string theories. 

The added complexity introduced into the theory by D-branes provides, on the other hand, 
an enhanced tool box that not only allows to probe the theory in deeper ways but, more 
importantly, makes it possible to envision completely new constructions that were thought 
impossible during the early phase of string phenomenology. Furthermore, the introduction 
of D-branes and their generalizations has not only changed the face of string theory itself, 
but it has opened an extensive playing ground for many different kinds of ad-hoc models 
which allow to test a number of different ideas in simple ways, such as the notion of large 
extra dimensions. String phenomenology in its early phase adopted the then natural view 
that the compact dimensions were at scales close to the Planck scale, and that all fields could 
propagate in all dimensions. Branes on the other hand can be used to confine fields selectively, 
and this opens the way to adjust the size of the compact dimensions to a dramatic extent. 
This makes it possible to realize ideas that had already been used in the pre-brane era of string 
theory, such as TeV dimensions [5] and warped compactifications [110], and to construct purely 
phenomenological models without any reference to a fundamental theory [13, 100, 101]. The 
main motivation for these ad-hoc models has been to provide new ways to think about the 
hierarchy problem, allowing to translate a puzzle about energy scales into a geometric puzzle 
of a disparity of volumes. 



5 



In the current phase of string phenomenology much work is focused on the embedding of these 
ideas back into string theory in the context of different types of D-brane and flux enhanced 
compactification schemes. It is in this context that experimental results ranging from table 
top experiments to astrophysical probes are beginning to put constraints on string theoretic 
and string inspired models. 

2.2 Experimental constraints 

Experimental techniques that allow to constrain string theoretic constructions also impact 
purely phenomenological models with similar features, such as extra dimensions, additional 
fields etc. The following remarks are concerned with some of the generic predictions of string 
theory. Further experimental aspects will be discussed in the next section. 

2.2.1 Extra dimensions 

One of the basic tools in constraining new physics have been tests of Newton's inverse-square 
law. This law, earlier envisioned by Hooke, receives corrections from large extra dimensions 
and the propagation of other scalar and vector fields. The new theoretical developments 
in string theory, as well as their phenomenological descendants over the past decade, have 
renewed interest in experiments searching for such deviations from Newtonian gravity [86, 
108, 2, 80]. In particular the idea that large compact dimensions might play a prominent role 
in string theory, supersymmetry breaking, as well as for the understanding of the hierarchy 
problem, has motivated new attempts to test Newtonian gravity at small distances, where the 
existing constraints a decade ago have been rather weak. A review describing the status of 
these earlier experiments is given in [86] , while an extended review of the more recent efforts 
that have gone into improving the constraints for such deviations can be found in [3] . 

Complementary early experiments, performed by the Irvine group [70], two Russian groups 
[44, 92], and more recently by Lamoureaux [83], have been analyzed in some detail in [86], 
covering between them distance scales between 1cm and l/im. In the recent past several 
groups have pursued table top gravity experiments, among them the Washington group [71, 
3, 72, 2, 80], the Colorado group [86, 87], the Stanford group [33, 108], and the Purdue group 
[55, 41, 42]. 
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The deviations from the inverse square law (ISL) are often parametrized by a Yukawa type 
potential 

f/(r) = -Gn"^^ (1 + aexp (-r/A)) , 
r 

with a priori free parameters a and A parametrizing the strength of the new interaction relative 
to gravity, and the Compton wavelength, respectively. A summary of the current constraints 
for extra dimensions is given in Fig. 2 [80]. 




iQ-5 iQ-i iQ-a 
X [ml 



Figure 2: Constraints on ISL-violating Yukawa interactions with l/im < A < 1cm. Eot- 
wash 2004 refers to the results in [72] , Eot-wash2006 summarizes work done in [80] , while the 
Stanford, Colorado and Irvine results are from [33, 87, 70, 108]. 

The constraints for the strength of possible new interactions depend dramatically on the 
distance. While at a length scale of 0.1mm additional forces with a tenth of the strength of 
gravity are allowed, at 1/100 mm the allowed strength is already 10^ times that of gravity. 
Extending these experiments to shorter distance scales involve Casimir type experiments, 
which test higher a— ranges, hence they are more relevant for ad-hoc models, which are less 
constrained than string theory. Current results for these searches will be summarized below 
in the discussion of purely phenomenological models. 
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2.2.2 Constraints on the dilaton mass 



Precision measurements of Newtonian gravity also lead to constraints on the dilaton, a scalar 
partner of the graviton. For the exchange of scalar bosons with mass m between two non- 
relativistic fermions generically leads to a potential U (r) = —gig2 exp(— r/A)/47rr, with Comp- 
ton wavelength A. The analyses of the coupling of the dilaton to strongly interacting matter 
shows that the coefficient a for the dilaton exchange is constrained as 1 < a < 1000 [79]. 
If follows from this result that at the 95% confidence level the bound on the dilaton mass is 
given by [2] 



2.2.3 Moduli 

A generic feature of superstring theory, and more generally supersymmetric models, is the 
appearance of scalar particles associated to moduli, fields that parametrize the size and the 
shape of the compact dimensions. They couple with gravitational strength and are massless 
to all orders in perturbation theory. It may happen that they become very heavy via nonper- 
turbative effects, in which case they are not relevant to low-energy phenomenology. If they 
remain massless nonperturbatively their mass is determined by the supersymmtry breaking 
scale F, i.e. mmod ~ F/Mp, where Mp — 2.4 x lO^^GeV is the reduced Planck mass. In gravity 
mediated theories these moduli have weak scale masses and are gravitationally coupled, hence 
they are not relevant to phenomenology. In gauge-mediated theories the moduli can be quite 
light if the scale of supcrsymmctry breaking is (lOTeV)^, leading to Compton wavelengths 
that are macroscopic [47]. In theories with weak-scale compactification the moduli can have 
Compton wavelengths of the order of a millimeter. If the scale of supersymmetry breaking 
ranges from F = ITeV^ to (10 TeV)^ the range for the wavelengths is from ~ 1mm to 10/im 
[9, 54]. Since the moduli are gravitationally coupled their existence would lead to deviations 
in Newton's inverse-square law at these distances. 

Radion exchange e.g. will produce a Yukawa force of the type above [37, 8] with a strength 
and a range given by [3, 72, 2] 



mc^ > 3.5meV. 



n 




a = 



n + 2 



8 



and 



A ~ 




cGM^ 



2.4 



ITeV 
Mc2 



mm, 



(2) 



where M is the unification mass. In many cases the radion-mediated force is the longest range 
effect of dimensions because it does not diminish as the number of new dimensions increases 
[13]. For n — 1 and n = 6 the data of [80] gives 



Fig. 2 above shows experimental constraints for moduli, among other modes. 
2.3 Cosmological constraints 

Cosmological models based on string compactifications are constrained by recent astrophysical 
data, in particular the three-year results for the cosmic background radiation obtained from 
the three-year data of WMAP. Of particular interest in this context are the values of the scalar 
spectral index n^, defined via the power spectrum as = 1 -|- dlaPs/ d\n.k. The best fit 
for CMB only is given by Ug — 0.96 ± 0.017, while the combination of CMB with large scale 
structure leads to a slightly lower result n5 = 0.958±0.015. 

A further parameter that has been the focus of some attention is the ratio r of the tensor to 
scalar perturbations. Although the current limits on the gravity wave contribution Pt/ Pg < 0.6 
at 95% confidence level with CMB data alone is much larger than what is typically encountered 
in string inflationary models, the actual discovery of a gravitation contribution would provide 
an extremely important constraint for string models. 

3 Brane models with large dimensions 

A fundamentally new point of view of string theory was suggested by Polchinski's introduction 
of D-branes as regions in spacetime on which physical modes associated to open strings are 
confined [96]. These higher dimensional objects have turned out to be important in particular 
for the many string theoretic dualities that suggest a unified picture of string theory. For 



M(n = l) > 5.7TeV/c^ 
M(n = 6) > 6.4TeV/c2. 



(3) 
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example, mirror symmetry [30, 63] emerges as a kind of T-duality [111, 69], which in turn has 
imphcations for the construction of spacetime from the string worldsheet [105] . 

3.1 Ad hoc models 

The D-brane idea has transcended string theory. One purely phenomenological application 
that has had an impact on current string model building is an attempt to understand the hi- 
erarchy problem by combining ad-hoc brane scenarios with an earlier, at the time provocative, 
idea that arose in the context of string theory. Antoniadis suggested in [5] the idea that the 
existence of large dimensions, possibly as large as 1 TeV, would provide a strategy to address 
the difficult issue of supersymmetry breaking in string theory (see also [88]). Arkani-Hamed, 
Dimopoulos and Dvali (ADD) [13] later observed that if such large dimensions exist they have 
implications for our thinking about the hierarchy problem, i.e. the puzzle that the weak scale 
in four dimensions ~ 250GeV is very much lower than the Planck scale in four dimensions 
~ lO^^GeV, a huge step for which one would like to have an explanation. 

In the context of large compact dimensions the problem of a large hierarchy can be traded 
for the problem of explaining a large volume, since the four-dimensional Planck scale Mp — 
yjTicjG is related via the effective action to the fundamental (bulk theory) scale Mj as 

Ml = m;+V". 

Here the bulk theory is assumed to have {n + 4) dimensions and the Lorentzian spacetime 
][/[!, n+3 splits in^Q a fourdimensional part and a compact manifold K"' as M^'"+^ = M^'^ x K^, 
and units with c = 1 = h have been used. The basic observation now is that the fundamental 
scale in the bulk could be much lower than the fourdimensional Planck scale because the two 
are linked via the volume of the compact manifold K"'. If the size of these extra dimensions 
is large this would explain the huge value of the Planck scale in terms of a relatively low 
fundamental scale Mf. 

3.2 Experimental constraints 

In the simplest possible compactification scheme the realization of the brane picture formu- 
lated by ADD involves only circles, leading to a toroidal structure of the extra-dimensional 
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part of spacetime. Assuming that all radii are the same introduces only a single new scale, 
the radius R of the circles. It is determined by the number n of dimensions considered, 
R = (Mp/M/)^/"'(l/M/), and experimental data provides constraints on the number of possi- 
ble dimensions. If Mf is chosen to be ITeV the case n = 1 would be readily excluded because 
this model leads to an astronomically sized fifth dimension. Increasing n within the limits of 
interest to string theory shows that they are all unacceptably large because particle acceler- 
ators should have seen them. This is where the D-brane picture enters. Assuming that all 
the fields of the standard models are confined to a D3-brane leaves only gravity as a possible 
probe of the compact dimensions. 

Fig. 2 above shows that the constraints provided by gravity are surprisingly weak, leaving 
a wide open window for new interactions at large scales. This observation, made already in 
[47], not only triggered new interest in experimental tests of Newton's law on small scales, as 
pointed out already, but also in phenomenological analyses of possible bounds on the string 
scale from collider processes [64, 66] . In the context of phenomenological models a wider range 
of possible interaction strengths is of interest than indicated in Fig. 2. Data constraining new 
interactions on shorter distance scales are shown in Fig. 3 [3], which is adapted from [55]. 




Figure 3: Constraints on ISL-violating interactions, summarized from data in with Inm < A < Ifim. 

The individual constraints in the diagram are based on the data from different experiments, 
notably Lamoreaux [83], Casimir [44], Mohideen [65], Ederth [52] and van der Waals (vdW) 
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[74]. The theory underlying experiments measuring Casimir forces is much more involved, 
because they deal with surfaces of real metals, and several corrections have to be taken into 
account, among them the roughness of the surfaces, as well as finite temperature corrections. 
The importance of these corrections, and their impact on constraining new physics, has been 
controversial. A review of the current status of these issues is provided in [93]. Long distance 
constraints, finally, are summarized in Fig. 4. 



Figure 4: Constraints on ISL-violating interactions, summarized from data in with 1mm < A < 
lO^^m. 

The assumption of ADD type models that all fields except the graviton propagate on a three- 
dimensional brane, and only the graviton propagates in the bulk, implies that new contribu- 
tions to collider processes arise from the Kaluza-Klein excitations of the graviton. Although 
the contributions of individual Kaluza-Klein modes, with 4D gravitational strength, to collider 
processes is extremely small, a very large number of such modes contribute in a TeV-scale 
collider process because the compactification scale is so small. The net Kaluza-Klein effect 
can cause a significant deviation from the standard model production rates. Bounds on the 
string scale from analyses of various collider processes are typically of the order of a TeV for 
these symmetric compactification models [107, 91, 60, 66]. 
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3.3 Embedding of the D-brane scenario into string theory 

In order to make the scenario considered in [13] into a consistent physical picture it is necessary 
to derive this class of models from string theory. It was outlined in [7] that such an embedding 
can be achieved by considering the so-called type I theory, a model which contains open and 
closed strings [98] . The realization considered in [7] involves the locahzation of the standard 
model fields to a D3-brane, while gravity also propagates in the bulk. 

More generally, one can envision scenarios where the standard model can be viewed as localized 
on a p— dimensional brane with p > 3 while closed strings can move in the bulk. In the simplest 
compactification schemes this would give rise to the production of massive standard model 
Kaluza-Klein towers in colliders once the energies reach the compactification scale of the 
'longitudinal' (p — 3)— dimensions. The characteristic signal in particle colliders is graviton 
emission into the bulk, leading to missing energy that escapes detection. 

4 Universal and mixed extra dimensions 
4.1 UEDs 

The original assumption in the pre- D-brane period of string theory was that all fields propagate 
in the compact dimensions. This notion has since been renamed in the context of phenomeno- 
logical ad-hoc models with large dimensions as the so-called universal extra dimensions (UED) 
scenario, in distinction to D-brane models. In this case momentum conservation in the extra 
dimensions implies the conservation of Kaluza-Klein mode number at tree level. This controls 
all the couplings of these fields, and each vertex involves at least two such excitations, hence 
direct production is only possible in pairs of Kaluza-Klein states, and there are no tree- level 
contributions to the electroweak observables. The main constraint observed in [10] comes from 
weak-isospin violation effects. The mass bounds for the first excited modes are relatively low 
[10, 45, 102]. For one extra dimension the limits on are between 300 GeV and 500 GeV, 
depending on the Higgs mass [11]. This opens the possibility of discovering Kaluza-Klein 
states in this class of models in upcoming collider experiments. 

The fact that in UED models Kaluza-Klein-parity conservation leads to a stable lightest 
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Kaluza-Klein state has the consequence that in these models a hghtest state of this type 
could provide a dark matter candidate. It can constitute cold dark matter if its mass is 
approximately 600 GeV [106, 28, 82]. well above current collider limits. The LHC might be 
able to test these models up to ~ l.STeV [32]. 

4.2 Mixed extra dimensions 

The 'pure' scenarios of fixing the standard model on a D3-brane, or allowing them to prop- 
agate into all compact dimensions in the UED models, raises the obvious question whether 
phenomenological constraints change in mixed models, in which some of the fields are confined 
to the brane and others are allowed to propagate in the bulk. Non-universal models in which 
the gauge bosons propagate in the extra dimensions, but the fermions are confined to the 
standard model D3-brane [1, 39], do provide different collider bounds than completely con- 
fined models. These include effects on electroweak precision measurements [103], Drell-Yan 
processes in hadronic colliders [90, 94], ii'^ii" pair production in electron-positron colliders 
[90, 94], electroweak processes in high energy electron-positron coUiders, as well as multijet 
production in hadronic colliders [46]. 

5 Warped compact ificat ions 
5.1 Randall- Sundrum models 

An alternative compactification scheme in the context of producing phenomenological models 
with large hierarchies involves the warping of the four-dimensional part of spacetime of the 
compact dimensions. Traditionally the ansatz for a metric in a Kaluza-Klein or string the- 
ory framework on a D— dimensional spacetime for spacetime with coordinates {x'^,y"^), /j, — 
0, 3, m = 1, D — 4 has been a simple product 

ixv mn 

where the are the standard fourdimensional coordinates and the y'^ parametrize the com- 
pact dimensions. In the warped case generalized solutions of the equations of motion are 
considered for which the normalization of the four-dimensional metric varies in the transverse 
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direction 

^iv mn 

In this scenario a given invariant energy scale can give rise to many four-dimensional scales, 
depending on the position-dependent gravitational redshift in the transverse space. This 
mechanism has played an important role in particular in the Randall-Sundrum models [100, 
101]. In the compact version [100] a fivedimensional spacetime is considered with a metric of 
the form 

where are the fourdimensional Minkowski space coordinates, — tt < (p < tt, with identifica- 
tion of {x, (p) and (x, —0), and Tc sets the compactification scale. Two 3-branes are located at 
(f) — Q and 4> = TT respectively. This set-up is similar to a compactified version of the Horava- 
Witten scenario where M-theory is compactified on Calabi-Yau manifolds [67, 68, 115]. 

The generation of a hierarchy via redshift has a number of interesting consequences. It can 
be shown that the effective fourdimensional Planck scale Mp is given by 

M| = ^(1-6-2'=^='^). 

This implies that even at large krc the Planck scale is of the same order as the fundamental 
scale. A further implication of the warp factor in the metric is that a field confined to the 
3-brane at ^ = tt with mass parameter mo will have a physical mass given by m = nioe'''^'''^ . 
For kvc about 12 this imphes that the weak scale therefore is dynamically generated on the 
visible brane from the fundamental Planck scale. Furthermore, thresholds to the production 
of Kaluza-Klein modes can be reached at low energies, in the TeV range, and scattering at 
low energies can reach the fundamental Planck scale, due to the relative redshift. 

These results also suggest the possibility of experimental probes of Planck- or string scale 
physics at energies far below the apparent four-dimensional Planck scale. As an example the 
possibility has been suggested in [12, 53] that black holes could be produced at relatively low 
energy scales, leading to the idea that the CERN Large Hadron Collider could become a black 
hole factory. Such TeV black holes radiate mainly on the brane [53], and detailed aspects of 
possible LHC signatures have been discussed in [57, 58, 48]. 
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5.2 Embedding of warped models into string theory 

Warped metrics have been considered in string theory early on by Strominger [110], who 
observed that fluxes can be considered if the metric is generalized from a pure product to a 
twisted form. They have been revived in the context of M-theory by Becker-Becker [18] and 
in the framework of F-theory in [38] . A realization of the compact Randall-Sundrum scenario 
within string theory was first discussed in detail by Giddings-Kachru-Polchinski (GKP) in 
[56], developing further a construction by Verlinde of the warp in terms of N coincident D3- 
branes on a Calabi-Yau manifold [113]. The particular importance of the GKP discussion of 
warped compactifications in string theory derives from their observation that it is possible 
in this framework to fix in several classes of string models many of the large number of 
moduli usually associated to supersymmetric vacua. This represents important progress from 
a practical point of view, because the stabilization of these moduli opens the door to a much 
more precise phenomenological analysis of these models than previously possible. 

In order to fix the moduli it is necessary to break conformal invariance and most of the 
supersymmetry. The strategy to achieve the necessary reduction of symmetry is to place 
i?3— branes not at a smooth point of the transverse space, but at a singularity. A detailed 
construction involving the introduction of 03-planes, D7-branes, and fluxes in addition to the 
D3-branes of Verlinde within type-IIB solutions has been given by GKP. Concrete examples 
are constructed as orientifolds of CY compactifications, and also as F-theory compactifications. 
The latter are of interest because they allow larger fluxes and hierarchies. In many cases the 
resulting solutions stabilize the dilaton and the complex structure moduli at a high scale, 
and further corrections to the leading order action are needed to generate a potential for the 
remaining ones. 

The GKP construction of [56] was enhanced by Kachru-Kallosh-Linde-Trivcdi (KKLT) [75] by 
taking nonperturbative corrections to the superpotential into account, and by adding anti-D3- 
branes into the mix as a further ingredient. The combination of these two ingredients allows 
not only to stabilize the remaining (Kahler) moduli, but also to lift the resulting anti-de Sitter 
space to a solution with a positive cosmological constant. By tuning the flux superpotential 
to be very small it is possible to obtain gravitino masses of 0(1 — lOTeV). This has triggered 
much work on the distribution of flux vacua, testing whether one can achieve the required 
small values necessary for supersymmetric vacua at large volume [15, 43, 59]. 
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A somewhat different approach to reahze the warping idea within string theory has been 
pursued in the 'large volume compactification' approach, introduced in [17], and developed 
further in [36, 4, 35]. It is based on the observation [16] that the inclusion of string corrections 
to the tree-level supergravity effective action, previously computed in [19], leads to interesting 
modifications of the models considered by GKP and KKLT. This class of vacua preserves the 
main ingredients of the GKP-KKLT scenario as far as the orientifold and D-brane structure 
within type IIB theory is concerned, leading again to a stabilization of all the moduli, but al- 
lowing a limit with a large overall volume modulus and all the remaining moduli small. Fluxes 
stabilize the dilaton and the complex structure at a high scale, while the flux superpotential 
does not have to be fine tuned to small. 

It is argued in [16] that the maximum value that the fiux induced superpotential can achieve 
scales as the square root of the Euler number of the Calabi-Yau fourfold giving rise to the type 
IIB model considered. The construction in [89] of the class of about 10^ Calabi-Yau fourfolds 
derived from Landau-Ginzburg potentials shows that these values can easily be of order 10^. 
Masses derived for the gravitino for a specific compactification manifold lead to intermediate 
scales, and are independent of the fiuxes. Thus this framework provides a realization of the 
intermediate scale string scenario considered in [21, 27]. Inflationary models based on Kahler 
moduli considered in [34] lead to spectral indices in the 1 — 2/Ne ~ 0.96 range, where A'^e is 
the number of c-foldings. This result is consistent with the three- year WMAP results [109]. 
The tensor-to-scalar ratio is extremely low, much smaller than the current experimental limit 
of about 0.3. An observation of tensor modes would therefore invalidate this class of models, 
along with many others [76] . An extension of the framework of large volume compactification 
to incorporate the effects of strong warping has been discussed in [26], while the inclusion of 
further corrections has been pursued in [22]. 



6 Concluding remarks 

Many different interesting (classes of) string theoretic, or string inspired, models exist that 
could not be described in any detail in this brief summary. The focus here is on the general 

structure of string theoretic models, as well as on ideas that are on the interface between 
string theory in particular, and particle physics in general. The models reviewed are not only 
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of interest merely as ad hoc models, but they emerge as limits of fundamental, string theoretic, 
solutions. 

Some of the prominent models, such as the KKLT model [75] , and the large volume model (see 
e.g. [17, 36]), are analyzed in greater detail in ref. [78]. This paper addresses the interesting 

'inverse problem' in the context of the LHC: it treats the issue whether phenomenological data 
from the LHC can in principle be used to distinguish between the large number of different 
types of string models that have been proposed to date. Among those considered are not 
just the KKLT and the large volume models, but also a number of heterotic constructions. 
A discussion of the issues introduced by the fine-tuning of the cosmological constant can be 
found in [40]. 

A subject that could barely be mentioned here, and that deserves its own review, is that of 
the implications of the recently considered classes of warped flux compactiflcation models for 
early cosmology. An update of these developments can be found in [99, 25, 76]. 

The great advances in string technology that have been achieved over the past few years, 
in combination with new experiments, such as much more precise table top gravity tests, 
the WMAP probe, and the upcoming LHC, have transformed string theory as a discipline. 
They have triggered a renaissance in string phenomenology, leading to a continuous spectrum 
of ideas that spans the range from full-fledged string models to much simpler and easily 
accessible ad-hoc constructions. They have also done much to strengthen the links between 
experimenters, particle physics phenomenologists, and string theory model builders. 
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7 Glossary 

Compact ificat ion . 

The notion that a higher dimensional spacetime factors into a the standard observable universe 
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of (3 + 1) dimensions plus an additional number of compact dimensions of finite volume. In the 
context of the standard big bang model this is a misnomer — it would be more appropriate to 
think of a dynamical process that decompactifies some dimensions while keeping others small. 
The first idea in this direction came from Brandenberger and Vafa [24] , and has more recently 
been pursued in [51]. 

D-branes. 

In any theory with open strings a D-brane is a region of spacetime on which open strings can 
end. The name derives from the choice of Dirichlet boundary condition at the ends of the 
open string, as opposed to Neumann conditions. 

Fluxes. 

In string theory in general, and type II and F-theory in particular, there are several tensor 
fields that generalize the vector potential of electromagnetism. The associated field strengths 
lead to fluxes that are constrained by a tadpole cancellation condition. 

Hierarchy problem. 

The idea that the small number given by the ratio of the weak scale and the Planck scale 
should have an explanation in terms of some fundamental aspects of a unified theory. 

Kaluza-Klein modes. 

In a compactification scheme with periodic boundary conditions in some dimensions any field 
can be expanded in a Fourier series along these compact directions. This results in an infinite 
tower of massive states whose masses are determined by the winding number and the length 
scale associated with the compact dimension. 

Lcirge extra dimensions. 

Any dimension much larger than the Planck scale is considered to be large. 
Moduli. 

Parameters that describe the shape of the compact manifold which appears as a factor of the 
higher dimensional manifold in string theory. In terms of the underlying conformal field theory 
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moduli are marginal operators with no potential to all orders in perturbation theory. Two 
prominent classes of moduli associated to Calabi-Yau manifolds are the moduli associated to 
the Kahler deformations, determined by the (Kahler) metric on the manifold, and the moduli 
associated to complex deformations. 

References 

[I] E. Accomando, I. Antoniadis and K. Benakli, Looking for TeV scale strings and extra dimensions, 
Nucl. Phys. B579 (2000) 3 

[2] E.G. Adelberger, B.R. Heckel, S. Hoedl, CD. Hoyle and D.J. Kapncr, Particle physics implica- 
tions of a recent test of the gravitational inverse square law, hep-ph/0611223 

[3] E.G. Adelberger, B.R. Hcckel and A.E. Nelson, Tests of the graviational inverse-square law, Ann. 
Rev. Nucl. Part. Sci. 53 (2003) 77 - 121 

[4] B.C. Allanach, F. Quevedo and K. Suruliz, Low-energy supersymmetry breaking from string flux 
compactifications: benchmark scenarios, JHEP 0604 (2006) 040 

[5] I. Antoniadis, A possible new dimension at a few TeV, Phys. Lett. B246 (1990) 377 - 384 

[6] I. Antoniadis, The physics of extra dimensions, in The Invisible Universe: Dark Matter 
AND Dark Energy, 2005 

[7] I. Antoniadis, N. Arkani-Hamed, S. Dimopoulos and G. Dvali, New dimensions at a millimeter 
to a Fermi and superstrings at a TeV, Phys. Lett. 436 (1998) 257 - 263 

[8] L Antoniadis, K. Benakli, A. Laugier and T. Maillard, Brane to bulk supersymmetry breaking 
and radion force at micron distances, Nucl. Phys. B662 (2003) 40 — 62 

[9] L Antoniadis, S. Dimopoulos and G.R. Dvali, Millimetre-range forces in superstring theories with 
weak-scale compactification, Nucl. Phys. B516 (1998) 70 

[10] T. Appelquist, H.-C. Cheng and B.A. Dobrescu, Bounds on universal extra dimensions, Phys. 
Rev. D64 (2001) 035002 

[II] T. Appelquist and H.U. Yee, Universal extra dimensions and the Higgs boson mass, Phys. Rev. 
D67 (2003) 055002 

[12] P.C. Argyres, S. Dimopoulos and J. March-Russell, Black holes and submillimeter dimensions, 
Phys. Lett. B441 (1998) 96 - 104 

[13] N. Arkani-Hamed, S. Dimopoulos and G. Dvali, The Hierarchy problem and new dimensions at 
a millimeter, Phys. Lett. B429 (1998) 263 -272 

[14] N. Arkani-Hamed, S. Dimopoulos and G. Dvali, Phenomenology, astrophysics and cosmology of 
theories with submillimeter dimensions and TeV scale quantum gravity, Phys. Rev. D59 (1999) 
086004 



20 



[15] S. Ashok and M.R. Douglas, Counting flux vacua, JHEP 0401 (2004) 060 

[16] V. Balasubramanian and P. Berglund, Stringy corrections to Kdhler potentials, susy breaking, 
and the cosmological constant problem, JHEP 0411 (2004) 085 

[17] V. Balasubramanian, P. Berglund, J. P. Conlon and F. Quevedo, Systematics of moduli stabi- 
lization in Calabi-Yau flux, JHEP 0503 (2005) 007 

[18] K. Becker and M. Becker, M-theory on eight-manifolds, Nucl. Phys. B477 (1996) 155 - 167 

[19] K. Becker, M. Becker, M. Haack and J. Louis, Supersymmetry breaking and a' — corrections to 
flux induced potentials, JHEP 0206 (2002) 060 

[20] K. Becker, M. Becker and J.H. Schwarz, String theory and M-theory, Cambridge UP, 2007 

[21] K. Benakli, Phenomenology of low quantum gravity scale models, Phys. Rev. D60 (1999) 104002 

[22] M. Berg, M. Haack and E. Pajer, Jumping through loops: on soft terms from large volume 
compactifications, [arXiv: 0704.0737 [hep-th]] 

[23] R. Blumenliagen, B. Kors, D. Liist and S. Stieberger, Four- dimensional string compactifications 
with D-branes, orientifolds and fluxes, [arXiv: hep-th/0610327] 

[24] R. Brandenberger and C. Vafa, Superstrings in the early universe, Nucl. Phys. B316 (1988) 391 

[25] CP. Burgess, Strings, branes and cosmology: what can we hope to learn?, [arXiv: hep- 

th/0606020] 

[26] CP. Burgess, P.G. Camara, S.P. dc Alwis, S.B. Giddings, A. Maharana, F. Quevedo and K. 
Suruliz, Warped supersymmetry breaking, [arXiv: hep-th/0610255] 

[27] CP. Burgess, L.E. Ibanez and F. Quevedo, Strings at the intermediate scale or, is the Fermi 
scale dual to the Planck scale?, Phys. Lett. B447 (1999) 257 

[28] F. Burnell and G.D. Kribs, The abundance of Kaluza-Klein dark matter with coannihilation, 
Phys. Rev. D73 (2006) 015001 

[29] P. Candelas, A. Dale, CA. Liitken and R. Schimmrigk, Complete intersection Calabi-Yau man- 
ifolds, Nucl. Phys. B298 (1988) 493 

[30] P. Candelas, M. Lynker and R. Schimmrigk, Calabi-Yau manifolds in weighted F^, Nucl. Phys. 
B341 (1990) 383 

[31] CD. Carone, Electroweak constraints on extended models with extra dimensions, Phys. Rev. 
D61 (2000) 015008 

[32] H.-C. Cheng, K.T. Mathev and M. Schmaltz, Bosonic supersymmetry? Getting fooled at the 
CERN LHC, Phys. Rev. D66 (2002) 056006 

[33] J. Chiaverini, S.J. Smullin, A. A. Geraci, D.M. Weld and A. Kapitulnik, New experimental 
constraints on non-Newtonian forces below 100 microns, Phys. Rev. Lett. 90 (2003) 151101 

[34] J. P. Conlon and F. Quevedo, Kdhler moduli inflation, [arXiv: hep-th/0509012] 



21 



[35] J. P. Conlon and F. Quevedo, Gaugino and scalar masses in the landscape, JHEP 0606 (2006) 
029 

[36] J. P. Conlon, F. Quevedo and K. Suruliz, Large volume compactifications: moduli spectrum and 
D3/D7 soft supersymmetry breaking, JHEP 0508 (2005) 007 

[37] C. Csaki, M. Graesser, L. Randall and J. Terning, Cosmology of brane models with radion 
stabilization, Phys. Rev. D62 (2000) 045015 

[38] K. Dasgupta, G. Rajcsh and S. Sethi, M-theory, orientifolds and G-flux, JHEP 9908 (1999) 023 

[39] A. Datta, P.J. O'Donnell, Z.H. Lin, X. Zhang and T. Huang, Effects of Kaluza-Klein excited W 
on single top quark production at Tevatron, Phys. Lett. B483 (2000) 203 

[40] S.P. de Alwis, String phenomenology and the cosmological constant, Phys. Lett. B647 (2007) 

194 - 199 

[41] R.S. Dccca, D. Lopez, H.B. Chan, E. Fischbach, D.E. Krause and C.R. Jamell, Constraining 
new forces in the Casimir regim,e using the isoelectric technique, [arXiv: hep-ph/0502025] 

[42] R.S. Dccca, D. Lopez, E. Fischbach, G.L. Klinichitskaya, D.E. Krause and V.M. Mostepanenko, 
Tests of new physics from precise measurements of the Gasimir pressure between two gold-coated 
plates, [arXiv: hep-ph/0703290] 

[43] F. Dcncf and M.R. Douglas, Distributions of flux vacua, JHEP 0405 (2004) 072 

[44] B.V. Derjaguin, LL Abrikosova and E.M. Lifshitz, Quarterly Reviews 10 (1956) 295 

[45] A. De Rujula, A. Donini, M.B. Gavela and S. Rigolin, Fat brane phenomena, Phys. Lett. B482 
(2000) 195 

[46] D.A. Dicus, CD. McMuUen and S. Nandi, Collider implications of Kaluza-Klein excitations of 
the gluons, Phys. Rev. D65 (2002) 076007 

[47] S. Dimopoulos and G.F. Giudice, Macroscopic forces from supersymmetry, Phys. Lett. B379 
(1996) 105 

[48] S. Dimopoulos and G. Landsberg, Black holes at the LHC, Phys. Rev. Lett. 87 (2001) 161602 

[49] M. Dine, Supersymmetry and string theory, Cambridge UP, 2007 

[50] M.R. Douglas and S. Kachru, Flux compactification, [arXiv: hep-th/0610102] 

[51] R. Easther, B.R. Greene, M.G. Jackson and D. Kabat, String windings in the early universe, 
JCAP 0502 (2005) 9 

[52] T. Edcrth, Template- stripped gold surfaces with 0.4 nm rms roughness suitable for force mea- 
surements: Application to the Casimir force in the 20 — lOOnm range, Phys. Rev. A62 (2000) 
062104 

[53] R. Emparan, G.T. Horowitz and R.C. Myers, Black holes radiate mainly on the brane, Phys. 
Rev. Lett. 85 (2000) 499 - 502 



22 



[54] S. Ferrara, C. Kounnas and F. Zwirner, Mass formulae and natural hierarchy in string effective 
supergravities, Nucl. Phys. B429 (1994) 589 

[55] E. Fischbach, D.E. Krause, V.M. Mostepanenko and M. Novello, New constraints on ultrashort- 
ranged Yukawa interactions from atomic fore microscopy, Phys. Rev. D64 (2001) 075010 

[56] S.B. Giddings, S. Kachru and J. Polchinski, Hierarchies from fluxed in string compactifications, 
Phys. Rev. D66 (2002) 106006 

[57] S.B. Giddings and E. Katz, Effective theories and black hole production in warped compactifica- 
tions, J. Math. Phys. 42 (2001) 3082 - 3102 

[58] S.B. Giddings and S. Thomas, High energy colliders as black hole factories: the end of short 
distance physics, Phys. Rev. D65 (2002) 056010 

[59] A. Giryavets, S. Kachru, P.K. Tripathy and S.P. Trivedi, Flux compactifications on Calabi-Yau 
threefolds, JHEP 0404 (2004) 003 

[60] G.F. Giudice, R. Ratazzi and J.D. Wells, Quantum gravity and extra dimensions at high energy 
colliders, Nucl. Phys. B554 (1999) 3 

[61] M. Grana, Flux compactifications in string theory: a comprehensive review, Phys. Rept. 423 
(2006) 91 - 158 

[62] M. Green, J.H. Schwarz and E. Witten, Superstring theory, Vols. 1,2, Cambridge UP, 1987 

[63] B.R. Greene and M.R. Plesser, Duality in Calabi-Yau moduli space, Nucl. Phys. B338 (1990) 
15 - 37 

[64] T. Han, J.D. Lykken and R.-J. Zhang, On Kaluza-Klein states from large extra dimensions, 
Phys. Rev. D59 (1999) 105006 

[65] B.W. Harris, F. Chen and U. Mohideen, Precision measurement of the Casimir force using gold 
surfaces, Phys. Rev. A62 (2000) 052109 

[66] J.E. Hewett, Indirect collider signals for extra dimensions, Phys. Rev. Lett. 82 (1999) 4765 — 
4768 

[67] P. Horava and E. Witten, Heterotic and type I string dynamics from eleven dimensions, Nucl. 
Phys. B460 (1996) 506 - 524 

[68] P. Horava and E. Witten, Eleven-dimensional supergravity on a manifold with boundary, Nucl. 
Phys. B475 (1996) 94 - 114 

[69] K. Hori and C. Vafa, Mirror symmetry, [arXiv: hep-th/0002222] 

[70] J.K. Hoskins, R.D. Newman, R. Spcro and J. Schultz, Experimental tests of the gravitational 
inverse-square law for mass separations from 2 to 105cm, Phys. Rev. D32 (1985) 3084 — 3095 

[71] CD. Hoyle et.al., Submillimeter test of the gravitational inverse-square law: a search for "large" 
extra dimensions, Phys. Rev. Lett. 86 (2001) 1418 

[72] CD. Hoyle et.al.. Sub-millimeter tests of the graviational inverse- square law, Phys. Rev. D70 
(2004) 042004 



23 



[73] CM. Hull and P.K. Townsend, Unity of superstring dualities, Nucl. Pliys. B438 (1995) 109 — 
137 

[74] Y.N. Israelachvili and D. Tabor, The measurement of van der Waals dispersion forces in the 
range 1.5 to 130 nm, Proc. R. Soc. London A331 (1972) 19 - 38 

[75] S. Kacliru, R. Kallosh, A. Linde and S.P. Trivedi, de Sitter vacua in string theory, Pliys. Rev. 
D68 (2003) 046005 

[76] R. Kallosh, On inflation in string theory, [arXiv: hcp-th/0702059] 

[77] Th. Kaluza, Zum Unitdts-Problem der Physik, Sitzungsber. Preuss. Akad. Wiss. Berlin 
(Math.Phys. KL), 1921, 966 - 972 

[78] G.L. Kane, P. Kumar and J. Shao, LHC string phenomenology, [arXiv: hep-ph/0610038] 

[79] D.B. Kaplan and M.B. Wise, Couplings of a light dilaton and violations of the equivalence 
principle, JHEP 08 (2000) 037 

[80] D.J. Kapner et.al.. Tests of the gravitational inverse-square law below the dark-energy length 
scale, Phys. Rev. Lett. 98 (2007) 021101 

[81] O. Klein, Quantentheorie und funfdimensionale Relativitdtstheorie, Z. Phys. 37 (1926) 895 — 
906 

[82] K. Kong and K.T. Matchev, Precise calculation of the relic density of Kaluza-Klein dark matter 
in universal extra dimensions, JHEP 0601 (2006) 038 

[83] S.K. Lamoreaux, Demonstration of the Casimir force in the 0.6 to Gjim range, Phys. Rev. Lett. 
78 (1997) 5 

[84] G. Landsberg, Black holes at future colliders and beyond, [arXiv: hep-ph/0607297] 

[85] W. Lerche, D. Liist and A.N. Schellekens, Chiral fourdimensional heterotic string from selfdual 
lattices, Nucl. Phys. B287 (1987) 477 

[86] J.C. Long, H.W. Chan and J.C. Price, Experimental status of gravitational-strength forces in 
the sub- centimeter regime, Nucl. Phys. B539 (1999) 23 

[87] J.C. Long et.al.. Upper limits to submillimetre-range forces from extra spacetime dimensions. 
Nature 421 (2003) 922 - 925 922 

[88] J. Lykken, Weak scale superstnngs, Phys. Rev. D54 (1996) R3693 

[89] M. Lynker, R. Schimmrigk and A. Wisskirchen, Landau- Ginzburg vacua of string, M— and F— 
theory atc= 12, Nucl. Phys. B550 (1999) 123 - 150 

[90] M. Masip and A. Pomarol, Effects of SM Kaluza-Klein excitation on electroweak observables, 
Phys. Rev. D60 (1999) 096005 

[91] E.A. Mirabelli, M. Perelstein and M.E. Peskin, Collider signatures of new large dimensions, 
Phys. Rev. Lett. 82 (1998) 2236 - 2239 

[92] V.P. Mitrofanov and O.I. Ponomareva, Sov. Phys. JETP 67 (1988) 1963 

24 



[93] V.M. Mostepanenko et.al., Present status of controversies regarding the thermal Casimir force, 
[arXiv: quant-ph/0512134] 

[94] P. Nath, Y. Yamada and M. Yamaguchi, Probing the nature of compactification with Kaluza- 
Klein excitations at the Large Hadron Collider, Phys. Lett. B466 (1999) 100 

[95] J.M. Pierre, http://www.sukidog.com/jpierre/strings/mtheory.html 

[96] J. Polchinski, Dirichlet hranes and Ramond-Ramond charges, Phys. Rev. Lett. 75 (1995) 4724 
[97] J. Polchinski, String Theory, Vols. 1 and 2, Cambridge UP, 1998 

[98] J. Polchinski and E. Witten, Evidence for heterotic - type I duality, Nucl. Phys. B460 (1996) 
525 

[99] F. Quevedo, Lectures on string/brane cosmology, [arXiv: hep-th/0210292] 

[100] L. Randall and R. Sundrum, A large mass hierarchy from a small extra dimension, Phys. Rev. 
Lett. 83 (1999) 3370 - 3373 

[101] L. Randall and R. Sundrum, An alternative to compactification, Phys. Rev. Lett. 83 (1999) 
4690 - 4693 

[102] T. Rizzo, Probes of universal extra dimensions at colliders, Phys. Rev. D64 (2001) 095010 

[103] T.G. Rizzo and J.D. Wells, Electroweak precision measurem,ents and collider probes of the 
standard model with large extra dimensions, Phys. Rev. D61 (2000) 016007 

[104] R. Schimmrigk, A new construction of a three-generation Calabi-Yau manifold, Phys. Lett. 
B193 (1987) 175 

[105] R. Schimmrigk, The Langlands program and string modular K3 surfaces, Nucl. Phys. B771 
(2007) 143, hep-th/0603234 

[106] G. Servant and T.M.P. Tait, Is the lightest Kaluza-Klein particle a viable dark matter candi- 
date?, Nucl. Phys. B650 (2003) 391 - 419 

[107] G. Shiu and S.H.H. Tye, TeV scale superstring and extra dimensions, Phys. Rev. D58 (1998) 
106007 

[108] S.J. SmuUin ct.al. Constraints on Yuakawa type deviations from Newtonian gravity at 20 mi- 
crons, [arXiv: hep-ph/0508204] 

[109] D.N. Spergel et.al. Wilkinson microwave anisotropy probe (WMAP) three year results: impli- 
cations for cosmology, [arXiv: astro-ph/0603449] 

[110] A. Strominger, Superstrings with torsion, Nucl. Phys. B274 (1986) 253 

[111] A. Strominger, S.-T. Yau and E. Zaslow, Mirror symmetry is T duality Nucl. Phys. B479 
(1996) 243 - 259 

[112] R. Sundrum, To the fifth dimension and back, [arXiv: hep-th/0508134] 

[113] H. Verlinde, Holography and compactification, Nucl. Phys. B580 (2000) 264, hcp-th/9906182 



25 



[114] E. Witten, String theory in various dimensions, Nucl. Phys. B443 (1995) 85 — 126 

[115] E. Witten, Strong coupling expansion of Calabi-Yau compactification, Nucl. Phys. B471 (1996) 

135 - 158 

[116] S.-T. Yau, Compact three-dimensional Kdhler manifolds with zero Ricci curvature, in Sympo- 
sium ON ANOMALIES, GEOMETRY, TOPOLOGY, World Scientific, 1985 

Further reading. 

A comprehensive introduction to the developments in string theory in the past decade can be 
found in [20]. A more phenomenologically oriented discussion can be found in Dine's review 
[49]. An elementary introduction to the basics of lower dimensional Kaluza-Klein theory is 
given in Sundrum's lectures [112]. More recent developments along the lines of incorporating 
the warped dimensions idea into string theory have been reviewed extensively in [61, 50, 23]. 
A review on black hole aspects at the LHC for TeV quantum gravity can be found in [84] . An 
extended introduction to the potential aspects of string phenomenology at the LHC is given 
in [78]. 
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